Introduction
A high-mobility strained Ge channel has been attracted as a candidate alternative to a conventional Si channel for realizing high-performance metal-oxide-semiconductor field effect transistors (MOSFET). It is expected that in-plane tensile-strained Ge has higher carrier mobility than bulk Ge not only for holes but also electrons [1] . Furthermore, from a perspective of application to optoelectronic devices, a tensile-strained Ge has a potential to extend the detectable wave length of near-infrared photodetectors with shrinkage of its energy bandgap.
Strain relaxed Ge 1-x Sn x buffer layers having a lattice constant larger than Ge have been investigated in order to induce tensile strain to Ge layers [2, 3] . However, there is concern that the Sn precipitation from Ge 1-x Sn x layers due to the Sn solid solubility as low as 1% in bulk Ge. In our previous work, the effective strain relaxation of Ge 1-x Sn x layers was realized by using a virtual Ge substrate (v-Ge) due to preexisting threading dislocations in v-Ge [4] . We found that there is a critical misfit strain of 3.7×10 -3 at the interface of Ge 1-y Sn y /Ge 1-x Sn x for the Sn precipitation at 600ºC annealing. The tensile-strain value of 0.68% was also achieved for the Ge layer formed on the compositionally step-graded (CSG) three Ge 1-x Sn x buffer layers with controlling the critical misfit strain [5] .
However, there is difficulty to realize much larger Sn content with many multilayers using the CSG process because of complexity of controlling the dislocation behavior. Furthermore, considering practical applications, it is necessary to increase a Sn content in each Ge 1-x Sn x layer in order to simplify the processes of the CSG method. In this study, we investigated the dependence of the Sn precipitation and the dislocation behavior for strain relaxation of Ge 1-x Sn x layers on the annealing condition, and achieved to simplify the CSG Ge 1-x Sn x structure by controlling the Sn precipitation and the propagation of misfit dislocations. Additionally, we also investigated the strain relaxation of tensile strained Ge layers.
Experimental
Ge 1-x Sn x layers were grown at 200ºC on v-Ge substrates formed from Si(001) substrates using a molecular beam epitaxy (MBE) system whose base pressure less than 1×10 -8 Pa. Ge and Sn were deposited by using a Knudsen cell and an arc plasma gun, respectively. Post-deposition annealing (PDA) at 400~700ºC for 10~240 min in N 2 ambient was performed after each Ge 1-x Sn x layer growth for strain relaxation of Ge 1-x Sn x layers.
Results and Discussion
Figures 1(a) and 1(b) show the cross-sectional transmission electron microscopy (XTEM) images of the sample consisting of the five Ge 1-x Sn x multilayers with Sn contents of 1.0, 2.0, 4.5, 5.5, and 7.0% on v-Ge substrate prepared by the CSG method. Sn precipitation is clearly observed in the 3rd to 5th Ge 1-x Sn x layers in Fig. 1(a) . Closed loops of dislocation can be observed and the density of threading dislocations decreases in upper layers in Fig. 1(b) . X-ray diffraction two dimensional reciprocal space mapping (XRD-2DRSM) revealed that the strain of the 2nd Ge 0.980 Sn 0.020 layer was almost fully relaxed, however, the strain relaxation of Ge 1-x Sn x layers from the 3rd to 5th little occurred. These results suggest that more the number of Ge 1-x Sn x layers increases in the step-graded method, the more it becomes difficult to suppress the Sn precipitation, because the strain relaxation of Ge 1-x Sn x layers hardly occurs with decreasing in threading dislocations contributing the strain relaxation. Therefore, it is essentially important to increase in the Sn content for each layer without the Sn precipitation in the CSG method in order to enhance the strain relaxation effectively using limited threading dislocations. Figure 2 shows the summary of peak positions of the Ge 1-x Sn x 224 reciprocal lattice points estimated from XRD-2DRSM for a single Ge 0.960 Sn 0.040 layer on a v-Ge substrate after PDA with various conditions. The large strain relaxation can be achieved without Sn precipitations for the sample annealed at 500ºC for 60 min, while the Sn precipitation occurs after annealing at 600ºC for 10 min. This result indicates that lower temperature and longer time for the PDA treatment is effective to suppress the Sn precipitation and to propagate misfit dislocations for the strain relaxation. In this study, the critical misfit strain for the Sn precipitation can be raised to 5.8×10 -3 compared to our previous work (3.7×10 -3 ). Next, the Ge 0.926 Sn 0.074 /Ge 0.953 Sn 0.047 /v-Ge CSG structure was prepared in accordance with this principle for the PDA condition. After the final PDA treatment, the Sn content and the degree of the strain relaxation of the top Ge 1-x Sn x layer achieves to 6.3% and 77.4% respectively. We realized the large in-plane [110] lattice spacing of 0.20147 nm, which is corresponding to the value having a potential to induce the tensile strain of 0.71% to Ge, by only two Ge 1-x Sn x stacked layers for the first time.
We also grew tensile-strained Ge layers whose thickness of 20, 50, and 100 nm on this Ge 1-x Sn x buffer layers. Figure 3 shows the XRD-2DRSM for the sample with the Ge thickness of 20 nm. As a result of the peak deconvolu-
tion on A-A' line, the value of the in-plane tensile strain of this Ge layer is estimated to be 0.62%. The tensile strain values and the degree of strain relaxation for the strained Ge layer with respect to the lattice spacing of top of the Ge 1-x Sn x buffer layer are summarized in Table I . The strain value of tensile-strained Ge layers decreases with increase in the thickness of Ge layers, indicating the strain relaxation of Ge layers. The critical thickness of strain relaxation for tensile-strained Ge layers is calculated to be 7∼10 nm according to the Matthews and Blakeslee theory [6] .
Conclusions
We found the necessity of suppression of the number of Ge 1-x Sn x layers for realization of the Ge 1-x Sn x layer with high Sn content. The critical misfit strain of the Sn precipitation was raised to 5.8×10 -3 by lowering annealing temperature, and it allows to increase a Sn content for each layer of CSG Ge 1-x Sn x buffer layers. We succeeded to form the Ge 1-x Sn x layer with the large Sn content of 6.3% and the large in-plane lattice constant by only two stacked Ge 1-x Sn x layers on v-Ge using the CSG method. This Ge 1-x Sn x layer has a potential to induce very large tensile strain of 0.71% to Ge. This value is the largest one compared to our previous result (0.68%) [5] and the others report (0.43%) grown by using chemical vapor deposition on Si [3] . We also found decreasing in the tensile-strain value of Ge layers on this Ge 1-x Sn x layers with increasing in its thickness from 20 nm to 100 nm due to the strain relaxation. In case of 20 nm thickness of strained Ge, the tensile strain value of Ge was achieved to 0.62%. 
